To evaluate possible causes of discrepancy between Doppler and catheter gradients across prosthetic valves, five sizes (19-27 mm) of St. Jude and Hancock valves were studied in an aortic pulsatile flow model. Catheter gradients at multiple sites distal to the valve were compared with simultaneously obtained Doppler gradients. In the St. Jude valve, significant differences between Doppler and catheter gradients measured 30 mm downstream from the valve were found: Doppler gradients exceeded peak catheter gradients of 10 mm Hg or more by 81±35% (15±3.6 mm Hg), and mean catheter gradients by 71±11% (10.3±2.5 mm Hg). When the catheter was pulled back through the tunnel-like central orifice of the valve, high localized gradients at the valve plane and significant early pressure recovery were found. When the catheter was pulled back through the large side orifices, gradients at the same level were only 46±6% of the central orifice gradients (mean difference, 7.6±4.5 mm Hg). Doppler peak and mean gradients showed excellent agreement with the highest central orifice catheter gradients (mean difference, 1.0±3.1 and 0.9±1.5 mm Hg, respectively). A significantly better agreement between Doppler and catheter gradients at 30 mm was found for the Hancock valve, although Doppler peak and mean gradients were still slightly greater than catheter gradients. Doppler gradients exceeded catheter gradients by 18±10% (3.4± 1.9 mm Hg) and 13±11% (2.1±0.9 mm Hg), respectively. When the catheter was pulled back through the valve, the highest gradients were found approximately 20 mm distal to the valve ring. Doppler peak and mean gradients showed excellent agreement with these catheter gradients (mean difference, -0.6±2.1 and -1.2±0.9 mm Hg, respectively). Therefore, Doppler gradients accurately reflect the highest obtainable catheter gradients, which occur between the two leaflets (but not in the side orifices) of St. Jude valves and 20 mm distal to the prosthesis in the Hancock valves. However, Doppler gradients may be significantly higher than catheter gradients measured further downstream due to localized gradients and pressure recovery. The difference between Doppler and catheter gradients is, therefore, not due to overestimation by Doppler, but to the fact that the two techniques measure gradients in different locations. Doppler measurements reflect the maximum gradient along the interrogation line, whereas catheterization measures the recovered pressure distal to the valve. The magnitude of this discrepancy is not clinically significant in Hancock valves but may be substantial in St. Jude valves, particularly in smaller valve sizes at high flow rates. These findings suggest the importance of considering valve type, valve size, flow rate, and catheter position when using continuous wave Doppler to predict clinical catheterization gradients in prosthetic valves.
results have been published and the accuracy of the technique remains controversial. Althoughgood agreement between Doppler and catheter derived gradients has been reported by some investigators,7-12 significant overestimation of gradients by Doppler in mechanical prostheses has been found by others. [13] [14] [15] A potential cause of discrepancy between Doppler and catheter gradients is pressure recovery distal to the valve.16417 Furthermore, mechanical prostheses, such as the St. Jude valve, have multiple orifices and tunnel-like configurations, resulting in complex flow and pressure characteristics,18-20 which could lead to the occurrence of localized pressure gradients. This study addresses the hypothesis that discrepancies between Doppler and catheter gradients across prosthetic heart valves are not due to intrinsic errors of either measurement technique, but to spatial variability of pressure fields in prosthetic valves. To evaluate this, we designed a well-controlled in vitro model and tried to quantify the spatial variation of pressure and to isolate areas where Doppler and catheter measurements agree and disagree. To evaluate whether differences in the spatial variation of pressure between different valve types affected the Doppler-catheter gradient relations, we examined both a mechanical and a bioprosthetic valve.
Methods

Model
The flow model consists of a "ventricular" section, "aortic" section, and a compliance chamber constructed of Lucite and PVC tubing ( Figure 1 ). The aortic section was designed to minimize the distance from the valve to the Doppler transducer and to allow optimal alignment of the Doppler beam with flow direction. Ultrasonic gel was used for acoustic coupling. The prosthetic valves were mounted between matched pairs of Lucite plates that had central orifices machined in 1 mm increments to fit the sewing rings of each valve exactly. The model was driven by a reciprocating pump (Harvard Apparatus Pulsatile Blood Pump, model 1423) with a stroke volume adjustable from 15 to 100 cc, a rate adjustable from 1 to 90 beats/min, and an ejection time variable from 30% to 70% of the cycle. Catheters were inserted through a side branch of the tubing for measurement of pullback pressures. A physiological upstream pressure of approximately 120/50 mm Hg was maintained by varying the outflow resistance and the outflow compliance. The system was primed with a 70% water-30% glycerol solution (viscosity, 3.5 cp). For Doppler measurements 10 g/l cornstarch was added. In preliminary studies, gradients obtained with and without cornstarch were compared and were similar (y=0.2+ 1.Ox, SEE= 1.9 mm Hg, r=0.98).
Flow was measured with an ultrasonic flowmeter (Transonic System Inc., model T201). The probe was attached to the noncompliant connection tubing between pump and test model. The accuracy of the flow measurements was tested by a series of timed collections. The flowmeter measurements accurately predicted the flow rates calculated from timed collections (y=1.97+0.95x, SEE=0.87 cc/sec, r=0.99).
Aortic and ventricular pressures were measured with fluid-filled catheters of matched length and electronic pressure transducers (Abbott Critical Care System) connected to a 12-channel physiologic recorder system (Electronics for Medicine, VR 12). The frequency response of the pressure measuring system was greater than 10 harmonics of the fundamental frequency21 as measured with the shock excitation method. 22 Flow and pressure tracings ( Figure 2 ) were digitized for further calculation using an image analysis computer (Microsonics CAD 886). The mean systolic flow rate was obtained by integrating the flow curve over the systolic time period. The peak systolic gradient was defined as the maximal instantaneous gradient between "ventricle" and "aorta" of the flow model. The mean systolic pressure gradient was obtained by integrating the difference between the simultaneously recorded "aortic" and "ventricular" pressure waves over the systolic time period, defined as the time 20 (3.5 MHz-imaging, 2.0 MHz-CW Doppler). The ultrasound beam was carefully aligned to record the highest Doppler velocities, and the transducer was fixed in place with an adjustable clamp system. Peak and mean Doppler gradients were calculated using the on-board quantitation package. Gradients were calculated with the simplified Bernoulli equation: Ap=4 v2. The velocities proximal to the valve were calculated from the measured peak and mean flow rates and the size of the inflow. Proximal velocities ranged between 0.20 and 0.50 m/sec and were, therefore, neglected. Doppler measurements were 
Test Protocol
Five sizes (19-27 mm) of St. Jude bileaflet mechanical prostheses and of Hancock bioprosthetic valves were studied. The sizes 19 to 25 mm of the porcine valves had the modified orifice (model 250), whereas the 27 mm had the standard orifice (model 242). Three experiments were performed. 1) Pressure gradients were measured between a proximal end-hole catheter (2 cm from the valve) and a side-hole horizontal catheter that was pulled through the orifice (Figure 3 ). Glycerol solution without cornstarch was used in this experiment to allow visual guidance of the catheter. The side hole was initially moved to the level of the end-hole catheter to ensure that the pressure waves were identical for both catheters. Then, the catheter was pulled back through the prosthetic valve; in the St. Jude valve, this was done through both the center (between the two leaflets) as well as through one of the large side orifices ( Figure 3 ). Distance 0 was defined as the plane of the very first structure of the open prosthesis encountered by the flow stream (i.e., sewing ring in Hancock valves and proximal leaflet tips in St. Jude valves). The linear distance from the 0 level to the pressure tap was 30 mm (Figure 3 ). The curvilinear distance that the catheter traversed from this point to the pressure tap was 35 mm; pressure gradients were measured at 1, 3, 5, 7, 10, 15, 20, 25, 30, and 35 mm in the St. Jude valves and at 1, 5, 10, 15, 20, 25, 30, and 35 mm in the Hancock valves. The measurement locations were determined by a pilot study where the spatial pressure distribution was examined for each valve type. The side hole of the catheter was oriented to avoid the underestimation of the lateral pressure gradient that would occur if the pressure port were to face into the flow stream. This experiment was performed for all valve sizes at two different mean systolic flow rates (245.5 + 12 and 190.1+6 cc/sec) with systolic time periods between 350 and 375 msec.
2) To obtain information about the pressure distribution further downstream, a 20 cm long Lucite tube (inner diameter, 32 mm) was positioned between the prosthesis and the original aortic chamber. Pressures were recorded in the centerline of the tubing at 20, 30, 40, 50, 60, 75, and 100 mm from the 0 level (pull back as described before). The 19 and 23 mm prostheses of both the St. Jude and the Hancock valve were selected for these measurements. Flow rates of 201±3.2 and 253.5 ±4.7 cc/sec were used.
3) After determining the location of the highest pressure gradient ("highest obtainable catheter gradient"), the distal catheter was positioned at this site. For each valve size and type the flow rate was varied in five steps from 149.0±9.2 to 258.2±20.9 cc/sec, and simultaneous Doppler and catheter gradients were recorded. Cornstarch was added to the glycerol solution in this experiment. The distal catheter was then pulled back to the tap 30 mm downstream from the valve and the measurements were repeated. The 30 mm distance was chosen to emulate typical gradient measurements in clinical catheterization laboratories. During these experiments, the "heart" rate was maintained at 50 beats/min, and the systolic time periods were maintained between 325 and 370 msec.
Statistical Analysis
The relation of catheter and Doppler gradients was assessed by linear regression analysis. Pearson correlation coefficients were calculated. A two tailed t test was performed to test hypotheses about two regression lines. To test the agreement between the two techniques, the mean differences between Doppler and catheter gradients were calculated. 23, 24 Mean values and standard deviation were calculated for the percent decrease of pressure gradient with increasing distance from the valve. The 27-mm St. Jude valve was excluded from these calculations because of the very small gradients.
Results
Peak and mean gradients measured by Doppler and catheter (at 30 mm downstream from the valve) for St. Jude and Hancock valves are shown in Tables 1 and 2.
Pressure Recovery
In St. Jude valves, the highest pressure gradient was found in the center of the prosthesis between the two leaflets approximately 3-5 mm distal to the defined 0 level ( Figure 4A ). Pressure gradients steeply decreased within a few millimeters (still between the two leaflets) and reached a plateau between 10 and 25 mm beyond the valve with only slight further decrease. The gradients also decreased by 22.4+5.0% when the pressure port of the side-hole catheter was moved from the center of the flow channel to the wall at 30 mm. The mean decrease between 5 mm (highest obtainable gradient) and 30 mm at the wall was 41.8+9.1%. When the longer outflow channel was used, a decrease in gradient of 16.3+4.0% was found between 20 and 100 mm downstream from the valve. Most of this decrease occurred between 20 and 50 mm, whereas the decrease between 50 and 100 mm was insignificant. The high gradients between the leaflets were not found when either of the large side orifices was crossed by the catheter (Figure 3B ). At the level where the highest gradients were found across the central orifice, the gradients across the side orifice were only 46±6% of the highest central orifice gradients (mean difference, 7.6±4.5 mm Hg, maximum 14.6 mm Hg; flow rate 245 cc/sec). Side orifice gradients increased continuously to a maximum at 15-20 mm beyond the valve ( Figure 4B ). Mean decrease to the 30 mm wall measurement was 22.9±11.2%.
A different pressure distribution was found distal to the Hancock valves ( Figure 4C ). The highest gradients were found 20 mm distal from the valve ring. Gradients decrea ed 17.8+3.6% to the 30 mm wall measurement. When the longer outflow channel was used, gradients decreased 16.0±4.4% between 20 and 100 mm.
Correlation Between Doppler and Catheter Gradients
St. Jude valve (Figures 5 and 6): The peak and mean Doppler gradients substantially exceeded the peak and mean catheter gradients measured 30 mm beyond the valve at the wall, although there was a strong linear relation between the two measurements (r=0.98-0.99). Peak Doppler gradients exceeded peak catheter gradients of 10 mm Hg and more by 81+35% (15+3.6 mm Hg), and mean Doppler gradients exceeded mean catheter gradients greater than or equal to 10 mmHg by 71+11% (10.3+2.5 mm Hg) on average. The greatest discrepancy was seen for the smallest valves. PEAK CATHETER GRADIENT (mmH9) FIGURE 5 . Plot ofcorrelation of the highest obtainable peak catheter gradients (at valve level) and the peak catheter gradients at 30 mm from the valve with the peak Doppler gradient for the St. Jude valve (19-27 mm) . Dashed line represents the line of identity. Difference between the slopes of the two regression lines is significant (p<0.001). . Plot of correlation of the highest obtainable peak catheter gradients (20 mm distal to the valve ring) and the peak catheter gradient at 30 mm with the peak Doppler gradient for the Hancock valve (19-27 mm) . Dashed line represents the line of identity. Difference between the slopes of the two regression lines is statistically significant (p<0.005).
ST. JUDE
Doppler gradients, however, showed excellent agreement with the highest obtainable catheter gradients that were found between the two leaflets of the valve. At the site of the highest obtainable gradient, the peak Doppler and catheter gradients differed by only 1.0±3.1 mm Hg. The mean gradient at this site differed by only 0.9±1.5 mm Hg.
Hancock valve (Figures 7 and 8 ): A significantly better agreement was found between Doppler gradients and catheter gradients at 30 mm for the Hancock valve, although Doppler gradients were still slightly greater than catheter measurements. Peak catheter gradients of 10 mm Hg and more were exceeded by 18±10% (3.4±1.9 mm Hg) and mean gradients were exceeded by 13±11% (2.1±0.9 mm Hg) on average. At the site of the highest obtainable gradient, excellent agreement was found between Doppler and catheter gradients. Mean differences between Doppler and catheter gradients were -0.6±2.1 mm Hg for the peak gradient and -1.2±0.9 mm Hg for the mean gradient. Discussion The accuracy of gradient estimation by continuous wave Doppler using the simplified Bernoulli equation has been validated in clinical studies of stenotic heart valves' 3 and in vitro studies of simple and complex orifices.4-6 Similar results have been reported for bioprosthetic valves.8-11 For mechanical prostheses, however, some investigators have reported good agreement between Doppler and catheter gradients, [9] [10] [11] whereas others have reported that Doppler substantially overestimates catheter gradients. 13 (19-27 mm) . Dashed line represents the line of identity. Difference between the slopes of the two regression lines is significant (p<0.002). son for these conflicting reports is not known. Several investigators have demonstrated the adequacy of the assumptions that the simplified Bernoulli equation is based on',6,'7,25; however, several potential sources of error remain. The gradient may be underestimated if the Doppler beam and poststenotic jet are improperly aligned. Gradients may be overestimated if the velocity proximal to the lesion is high and is neglected.1,2 Both errors can be either eliminated or their magnitude estimated in controlled in vitro measurements.
Pressure Recovery
One possible cause of discrepancy between Doppler and catheter measurements is pressure recovery. The pressure in a stenotic lesion will be lowest where the velocity is highest, that is, at the vena contracta, and will increase again distal to the stenosis. The actual amount of pressure recovery will depend on how much energy has been lost at the stenosis due to viscous and turbulent energy losses. Therefore, Doppler gradients that correspond to the gradients at the vena contracta will be higher than catheter gradients that are usually measured further downstream at varying distances from the valve. Significant pressure recovery has been shown in vitro in models of aortic stenosis26, 27 30-40 mm distal to the valve. Furthermore, neither of these studies used Doppler ultrasonography. The present study used pulsatile flow, and the valve was crossed with a catheter to determine where the highest gradients occur. When Hancock valves or the large side orifice of St. Jude valves were crossed with the catheter, the highest gradients were found approximately 20 mm distal from the first valve structure. The same distance has been reported by Tindale et a128 for bioprostheses in a steady flow model and by Clark26'27 in a model imitating aortic stenosis. Pressure recovery has been described up to 150-275 mm from the prosthetic valve.16,28 However, in vivo, pressure waves change along the aorta. Time delay and reflections from the periphery change the wave shape and the maximum systolic pressure may increase. 30 We found similar changes of the aortic pressure waves in our model, and we excluded from further analysis recordings that were obtained more than 100 mm downstream from the valve. The mean decrease of the pressure gradient between 20 and 100 mm was approximately 15% and most of the pressure recovery occurred within the first 50 mm. A similar change in pressure gradient was found between 20 mm (at the center) and 30 mm (at the wall), indicating a significantly higher flow velocity in the center of the aorta.
Differences Between St. Jude and Hancock Valves
In the St. Jude valve, significantly higher gradients were found within the valve's central orifice (between the two leaflets). These gradients decreased rapidly when the catheter was advanced a few millimeters downstream (still between the two leaflets). This observation suggests that the highest localized gradient in this mechanical prosthesis occurs at the valve plane. The gradients measured at the side orifices were lower, demonstrating that localized gradients also occur across the cross-section of the flow channel. These local gradients cannot be explained by the multiple orifices in this valve. Teirstein et a16 demonstrated that Doppler velocities for pairs of large and small orifices were identical and that the calculated gradients correlated well with those measured by manometer. If pressure gradients across two orifices are the same, the flow velocity generated by those pressure gradients must also be the same, according to the Bernoulli equation.
However, the unique geometry of mechanical valves is more complex than the simple plates studied by Teirstein. Flow velocities across disk prostheses, in particular, are not uniform18-20 and demonstrate more spatial variation than in Hancock valves.31 Current methods are limited in their ability to visualize flow within the mechanical valve itself. Therefore, no data are available on flow velocities or gradients between the two leaflets of a St. Jude valve, although velocities further downstream have been reported. 18 Tindale et a128 reported higher and earlier occurring gradients in the minor orifice than in the major orifice of a Bjork-Shiley valve. An explanation for these conflicting results might be that mechanical prostheses are not simple flat plates with multiple orifices, but complex, three-dimensional particularly obvious in the St. Jude valve, which has a central "tunnel" between the two leaflets. The role of pressure recovery in causing apparent overestimation of pressure gradients by Doppler in tunnel-like orifices has recently been reported.17 '32 From the results of the present study, one could hypothesize that high velocities and low pressures occur in the tunnel between the two leaflets of a St. Jude valve. The reversed conical shape of the tunnel creates a streamlined stenosis beyond which flow expands gradually back into the larger lumen. Therefore, energy loss across the central orifice is reduced and pressure recovery increased, causing a steep decay of the pressure gradient ( Figure 4A ). In the present study, the observed decrease of pressure gradient between 5 and 30 mm (wall) distance was considerable (mean, 41.8+9.1%).
Correlation Between Doppler and Catheter Gradients
In the present study, Doppler gradients significantly exceeded catheter gradients measured 30 mm distal from the valve, although a strong linear relation was found. The differences were less in bioprosthetic valves but substantial in mechanical valves. Doppler gradients, however, showed excellent agreement with the highest obtainable catheter gradients determined by catheter pull back through the valve. Therefore, Doppler ultrasound can accurately measure the highest spatial gradients across these valves that occur at approximately 20 mm beyond the valve ring in the Hancock valve and within the prosthesis itself in the St. Jude valve. When catheter gradients are measured further downstream, as is usually done in clinical catheterization studies, discrepancies between the Doppler and catheter gradients may occur.
These discrepancies are not due to an intrinsic limitation of either technique, but to the fact that pressure fields have spatial variability and gradients are measured in different locations by the two techniques. Continuous wave Doppler gives us the maximum velocity along the line of interrogation and, therefore, reflects the highest gradient along the path of the beam. The catheter technique, on the other hand, measures pressure only at the site of the sampling port. Gradient measurements are, therefore, highly dependent on the sampling sites and, when performed at a distance from the valve, reflect recovered pressures.
One might argue that the Doppler gradient is of greater clinical impact because it reflects the maximum gradient experienced by the working left ventricle. The work done by the ventricle in systole, however, is given by the integral of the instantaneous pressure-flow product. Therefore, the absolute pressure generated in the ventricle and the volume of blood ejected from the ventricle determine ventricular work. Attempts to estimate this absolute ventricular pressure by adding Doppler gradients to the systolic aortic pressure may lead to erroneous results due to pressure recovery and inhomogeneous velocity and structures with tunnel-like configurations. This is pressure distribution in mechanical valves. The high-est obtainable gradients in St. Jude valves are localized phenomena occurring only in the center of the valve but not across the larger side orifices. Therefore, the gradients reflected by Doppler may differ substantially from the average gradient present across the entire valve orifice area at any point in time.
The important finding of this study is that spatial variation of pressure distal to prosthetic valves may cause Doppler and catheter to measure gradients in different locations. This spatial variation has to be considered when interpreting Doppler and catheter gradients and, particularly, when comparing these gradients. We have demonstrated how the two techniques differ, not the inherent superiority of either technique.
Comparison to Previous Studies
Although the difference between Doppler gradients and catheter gradients measured 30 mm downstream from the valve was significant for the Hancock valve, its magnitude is probably of no clinical relevance. It is not surprising, therefore, that previous in vitro8 and clinical studies9-11 reported good agreement between Doppler and catheter gradients in bioprosthetic valves-even though the latter were measured at various distances from the valve.
The observation of substantial discrepancy between Doppler and catheter gradients in St. Jude valves agrees with similar results that have been reported previously for mechanical valves in published13-15 and unpublished sources. 33 In absolute terms, the differences are less significant for the 25and 27-mm prosthesis where gradients below 10 mm Hg can be expected. However, in the smaller 19and 21-mm sizes, the difference between Doppler and catheter gradients may be more than 20 mm Hg, particularly at high flow rates. Differences of this magnitude can lead to erroneous conclusions about valve function in clinical situations. Previous studies where good agreement between Doppler and catheter gradients was shown9-11 may not have included this subgroup of small valve sizes with measurements at high flow rates. Thus, Wilkins et a19 only studied mitral prostheses, where valve sizes are larger and flow velocities lower. In the study by Sagar et al10 only three patients with mechanical valves are reported, and in each case, Doppler overestimated the nonsimultaneous catheter gradient, in one instance by 30 mm Hg. Burstow et al"l reported good agreement for simultaneous Doppler and catheter gradients in a variety of mechanical aortic prostheses including two 21-mm St. Jude valves. Cardiac index was only given in one of these two patients and was consistent with a low output state.
Limitations
In applying these results to clinical situations, it must be remembered that in vitro models like the one used in this study cannot precisely duplicate the complex flow dynamics in a patient with an implanted aortic prosthesis. For example, pressure recovery is partly determined by the size of the receiving chamber. 28 The diameter of the aortic chamber used in this study is larger (32 versus 25.4 mm) than that reported by Yoganathan et al. 16 The larger size of the aorta may have caused a smaller amount of pressure recovery.26-28 Thus, using a smaller aorta would have resulted in an even greater discrepancy between Doppler and catheter gradients measured downstream from the valve. In addition, the maximum flow rates used in this study were limited by the pump characteristics. It is possible that under clinical conditions of high flow rates discrepancies between Doppler and catheter measurements may be even greater.
There are also technical limitations to our study. Placing the catheter across the prosthesis causes an unphysiological situation that may be more important in a mechanical valve because complete closure during diastole is prevented. It is unlikely, however, that having the valve partially open at the beginning of systole would significantly affect the correlation of Doppler and catheter gradients. In addition, the accuracy of the fluid filled catheter system used in this study is limited, particularly when measuring small gradients. Transducer tip catheters would have been more accurate but do not allow the special set up (Figure 3 ) that was necessary for precise placement of the distal pressure port.
Clinical Implications
Doppler ultrasound accurately reflects the highest obtainable gradients across prosthetic valves, which occur at approximately 20 mm beyond the valve ring in the Hancock valve, and within the prosthesis itself in the St. Jude valve. However, discrepancy between Doppler and catheter gradients may occur when catheter measurements are obtained further downstream as is usually the case in clinical catheterization studies. This discrepancy is probably of no clinical relevance in Hancock porcine valves but may be substantial in the mechanical St. Jude prostheses, particularly with smaller valve sizes studied at high flow rates. The discrepancies between Doppler and catheter gradients are not due to erroneous measurements by either technique, but to spatial variation of pressure within and distal to the valve prostheses. This variation is more pronounced in St. Jude valves with the occurrence of high localized gradients between the two leaflets of the valve. Agreement or disagreement between Doppler and catheter measurements depends on the site where catheter measurements are obtained. Furthermore, one should exercise caution when trying to determine mechanical valve stenosis from Doppler gradient measurements alone. Calculation of valve area using the continuity equation may also be inappropriate in mechanical prostheses because velocity distribution across the valve orifice may be inhomogeneous. This study demonstrates the importance of considering valve type, valve size, flow rate, and catheter position when using continuous wave Doppler to predict clinical catheterization gradients in prosthetic valves.
